MATERIALS AND METHODS A pathway for steryl ester biosynthesis in acetone powder preparations from spinach (Spincis olkraces L.) leaves has been elucidated; free sterol and 1,2-dilyceride were the substrates. Although animals synthesize cholesteryl esters by three distinct biosynthetic pathways, none of these pathways utilizes 1,2-diglyceride as an acyl donor. Phosphatidylcholine, phosphatidic acid, triglyceride, 1,3-diglyceride, 1-monoglyceride, free fatty acid, and fatty acyl-CoA were not acyl donors for spinach leaf steryl ester biosynthesis in our assay system. The unstable 2 isomer of monoglyceride was not tested. It is possible that 1,2-diglyceride and 2-monoglyceride were both acyl donors for spinach leaf steryl ester biosynthesis. Acyl-labeled phosphatidylyholine and acyl-labeled phosphatidylethanolamine were rap.
beled dipalmitin (116 mCi/mmol) and [I-_4CJpalmitate-labeled monopalmitin (58 mCi/mmol) were obtained from Dhom Products, Ltd., North Hollywood, Calif. Tripalmitin, 1,3-dipalmitin, 1,2-diolein, 1,2-dipalmitin, 1-monopalmitin, cholesterol, palmitoyl-CoA, cholesteryl palmitate, and BSA3 were obtained from Sigma Chemical Company. All other chemical were reagent grade or better. Chloroform, methanol, acetone, toluene, and benzene were glass-distilled. Fresh spinach (Spinacia oleracea L.) was purchased from the local markets.
Acetone Powder Preparation. In most cases, the acetone powder of the 20,000g pellet fraction from spinach leaves was prepared as described previously (6) . The acetone powder used in the [1-14C] palmitate-labeled dipalmitin and [1-'4C]palmitate-labeled monopalmitin assays was prepared in a slightly different manner. In this case, the homogenizing buffer contained 10 mm MES-NaOH (pH 6); the 20,000g subcellular suspension was added to 120 ml of acetone at 0 C; and the precipitated protein was washed with 120 ml of acetone at 0 C. All other procedures were as described previously (6) .
Acetone-Ether Powder Preparation. The acetone-ether powder of the 20,000g pellet fraction from spinach leaves was prepared as described previously (7) , except the dried acetone powder was resuspended in water instead of 100 mm MES-NaOH (pH 6).
116-4ClPahnitic Acid Reaction Mixtures. The reaction mixtures
were the same as those described for the [14C]acyl-labeled phosphatidylcholine reaction mixtures, except the assays contained 28,800 dpm acid (18.7 mCi/mmol).
[1-"4ClPahnitoyl-CoA Reaction Mixtures. The unlabeled cholesterol was added to the acetone powder in acetone at 0 C. The acetone powder was dried under vacuum at 0 C before the enzyme-cholesterol mixture was homogenized to uniformity in cold 100 mm MES-NaOH (pH 6) with a Potter-Elvehjem homog- 14-1'CICholesterol Reaction Mixtures. The [4-"CJcholesterol and unlabeled cholesterol were added to the acetone powder in acetone at 0 C. The acetone powder was dried under vacuum at 0 C before the enzyme-substrate mixture was homogenized to uniformity in cold 100 mM MES-NaOH (pH 6) with a PotterElvehjem homogenizer. The reaction mixtures contained 44,400 dpm [4-'4C]cholesterol (56 mCi/mmol), and the incubation time was either 20 or 60 min. All other reaction mixture components and experimental procedures were as described for the [' C]acyllabeled phosphatidylcholine reaction mixtures. The 14-'4Clcholes-teryl esters were extracted, isolated, and counted as described previously (6) .
AgNO3 TLC. The biosynthesized [4-' Clcholesteryl esters were separated into different fatty acyl groups depending upon their degree of unsaturation by AgNO3 TLC as described previously (7 [1-14CIPalmitoyl-CoA. A small amount of label from [1-''4C
palmitoyl-CoA was incorporated into cholesteryl [11-4CJpalmitate, as shown in Table I . It is not clear, however, if the label was directly or indirectly incorporated into steryl ester. The data indicate that free fatty acid was the most highly labeled product, followed by diglyceride. Phosphatidylcholine and phosphatidylethanolamine were not significantly labeled in the 120-min incubation (Table I ) nor in shorter incubation times (data not shown).
The MG + ASG? + X assignment in Table I is a combination of at least three lipids that were not successfully resolved on the thin layer chromatograms. Additional TLC indicated that MG was a very minor component, accounting for only 3% of the label in MG + ASG? + X. ASG accounted for 51% of the label, but its There was a rapid disappearance of label from phosphatid choline and a rapid incorporation of label into 1,2-diglycenr (Fig. 1) . Only a trace of 1,3-diglyceride was detected. Label a] appeared in steryl ester and free fatty acid but less rapidly th into 1,2-diglyceride. After the label in phosphatidylcholine h become depleted, the label in 1,2-diglyceride slowly disappear( Plant Physiol. Vol. 62, 1978 suggesting I''CIAcyl-labeled 1,2-Diglyceride. Figure 2 compares the rate of steryl ester biosynthesis in a [14Clacyl-labeled phosphatidylcholine assay with an assay containing only the labeled 1,2-diglyceride that was generated in a [14Clacyl-labeled phosphatidylcholine assay. The rate of steryl ester biosynthesis in Figure 2 was the same whether phosphatidylcholine or 1,2-diglyceride was the labeled precursor. All of the fatty acids that were esterified to cholesterol in the phosphatidylcholine assays, therefore, came either directly from 1,2-diglyceride or from a catabolite of 1,2-diglyceride, such as monoglyceride, and little, if any, came directly from either phosphatidylcholine or phosphatidic acid.
The disappearance of label from 1,2-diglyceride was accompanied by the appearance of label in steryl ester and free fatty acid (Fig. 3) . Steryl ester was the most heavily labeled product throughout the time course. Monoglycerides and triglycerides were also detected (data not shown) but were minor components.
11-_4CPalmitate-labeled Dipahnitin and 11-_4CIPahnitate-labeled Monopalmitin. Table II shows a product analysis for the metabolism of [1-_4C]palmitate-labeled dipalmitin and [l-'_4Cpal-mitate-labeled monopalmitin. Free fatty acid, monoglyceride, triglyceride, and steryl ester were all major products in the metabolism of dipalmitin. Label, however, was more rapidly incorporated into free fatty acid and monoglyceride than into triglyceride and steryl ester. Monopalmitin was rapidly degraded into free fatty acid and glycerol. In this case, free fatty acid and diglyceride were the major products, whereas triglyceride and steryl ester were tion minor products. Monopalmitin was more susceptible to degradaMns tion than was dipalmitin. chloride by Dhom Prc6ducts Ltd. Since blocking groups were not used in their synthesis, dipalmitin was a mixture of the 1,2 and 1,3 isomers, and monopalmitin was a mixture of the 1 and 2 isomers. The 1,2 isomer of dipalmitin contained equal amounts of two isomers that were mirror images of each other (enantiomers). The 1 isomer of monopalmitin also contained equal amounts of two isomers that were mirror images of each other. An equilibrium mixture of diglycerides contains about 40% of the 1,2 isomer and about 60X of the 1,3 isomer (16, 19) , whereas an equilibrium mixture of monoglycerides contains about 90% of the 1 isomer and about 10% of the 2 isomer (16, 19) . Table IV indicates that the predominant steryl ester biosynthesized in a spinach leaf acetone powder preparation contained saturated fatty acids. There was a dramatic increase in monounsaturated fatty acids, however, when 1,2-diolein was added to the incubation mixtures. The 1,2-diolein stimulation of steryl ester biosynthesis, therefore, was primarily due to an increased incorporation of oleate from 1,2-diolein into [4-'4CJcho-lesteryl oleate. A certain amount of nonspecific activation may have occurred, however, since there was a slight increase in the amount of steryl esters with saturated fatty acids in the 1,2-diolein incubation. [4-'4C]cholesteryl ester biosynthesis and its ability to inhibit the incorporation of I1-'4C]palmitate from [_-'4CJpalmitoyl-CoA into steryl ester suggest that fatty acyl-CoA was not the acyl donor in these assays. The predominant reaction in the palmitoyl-CoA assays was its hydrolysis to palmitic acid and CoA, but palmitic acid was not the acyl donor since [16-'4Cjpalmitic acid was not incorporated into steryl ester. Significant amounts of labeled 1,2-diglycerides, however, were produced, and they may have been the actual acyl donors.
DISCUSSION
The results suggest that the 1,2-diglyceride generated in the degradation of phosphatidylcholine was the acyl donor involved in spinach leaf steryl ester biosynthesis. The ability of [14Clacyl-labeled 1,2-diglyceride and [I-' Clpalmitate-labeled dipalmitin to incorporate label into steryl ester as well as the ability of unlabeled 1,2-dipalmitin and 1,2-diolein to stimulate [4-"4C]cholesteryl ester biosynthesis verify the 1,2-diglyceride acyl donor assignment.
The theoretical maximum amount of labeled monoglyceride produced by the end of the 60-min [l-14C]palmitate-labeled dipalmitin assay was approximately 9,000 cpm (monoglyceride + free fatty acid in Table II ). This is less than the 90,000 cpm of 1-monopalmitin (45,000 cpm for each enantiomer) and about equal to the 10,000 cpm of 2-monopalmitin at the beginning of the [1-14Cjpalmitate-labeled monopalmitin assay. If either 1-or 2-monopalmitin were the exclusive or preferred acyl donor for steryl ester biosynthesis, then the initial rate of incorporation of label from monopalmitin into cholesteryl palmitate should have been much greater than the rate of incorporation of label from dipalmitin into cholesteryl palmitate. Since this was not the case (Fig. 4) , it is most unlikely that 1-and 2-monopalmitin were the exclusive or preferred acyl donors. The ability of 1,2-dipalmitin and the inability of 1-monopalmitin and tripalmitin to stimulate steryl ester biosynthesis suggest an acylglycerol specificity (Table III) . Since 1,2-dipalmitin stimulated steryl ester biosynthesis more effectively than did 1,3-dipalmitin, the enzyme exhibited a positional specificity. The ability of 1,2-diolein to stimulate steryl ester biosynthesis more effectively than 1,2-dipalmitin could mean that the enzyme exhibited a fatty acid specificity, but it could also mean that 1,2-diolein was more suitably dispersed in the aqueous solution and, therefore, more available for enzymic attack. Since PC and PE were rapidly catabolized to 1,2-diglyceride by spinach leaf acetone powder preparations (Fig. 1) , the PC (egg yolk) and PE (egg yolk) should also have been rapidly catabolized to 1,2-diglyceride (Table III) . The greater stimulation with the egg yolk phsopholipids could be explained if the heterogeneous fatty acid composition of their 1,2-diglyceride catabolites more nearly approximated the fatty acid specificity requirement of the enzyme than did 1,2-dipalmitin or 1,2-diolein. A second possibility is that the enzyme, like many membrane-bound enzymes (4), had a phospholipid cofactor requirement. A third possibility is that the generated diglyceride was the preferred isomer. Figure 5 summarizes the various enzyme activities encountered in spinach leaf acetone powder preparations during this investigation. The appearance of [I4C]acyl-labeled phosphatidic acid from ['4C]acyl-labeled phosphatidylcholine suggests that phospholipase D was present. The disappearance of label from phosphatidic acid and the appearance of label in 1,2-diglyceride indicate the presence of phosphatidic acid phosphatase. Cheniae (3) has previously shown that spinach leaf microsomes synthesize phosphatidic acid, monoglyceride, diglyceride, and triglyceride when incubated with labeled sn-glycerol-3-P. He has also shown that phosphatidic acid in the precursor for these glycerides. This investigation has extended this earlier work by studying the me 
